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(54) Tomographic phase microscope

(57)  Microscope (2) comprising a coherent light
source (4) producing a coherent light beam (7), a light
beam guide system (6) comprising a beam splitter (14)
configured to split the coherent light beam (7) into a ref-
erence beam (7a) and a sample illumination beam (7b),
a sample holder (18) configured to hold a sample (1) to
be observed, a sample illumination device (28) config-
ured to direct the sample illumination beam (7b) through
the sample and into a microscope objective (37), a beam
reuniter (16) configured to reunite the reference beam
and sample illumination beam after passage of the sam-
pleillumination beam through the sample to be observed,
and a light sensing system (8) configured to capture at
least phase and intensity values of the coherent light
beam downstream of the beam reuniter. The microscope
further comprises a control system configured to gener-
ate a mirror angle control signal to control an angle of a
pivotally actionable mirror, the mirror angle control signal
being based at least partially on a signal received from
the light sensing system and generated by the lightbeam.
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Description
Field of the invention

[0001] The present invention relates to a microscope, in particular a microscope for three dimensional tomographic
imaging of biological matter, including cells and microorganisms. The presentinvention may also be used more generally
in the field of three dimensional tomographic imaging of non-biological transparent materials.

Background

[0002] Microscopes capable of three-dimensional imaging of biological cells and their internal structures are generally
based on digital tomographic techniques and are often based on the use of marker dyes to enhance the intensity contrast
between components of the cell. Marker dyes however may affect the matter to be observed, particularly in the case of
living cells, and also render the procedure more complex. A marker free non-invasive microscopy method based on 3D
refractive index computation is described in international patent application PCT/IB2011/051306. The capture of the
image data needed to compute a refractive index based image of very small objects with sufficient detail of the internal
structure requires however a microscope that is very precise. The precision of conventional microscopes depends on
the quality of the lenses and very low manufacturing tolerances in the assembly of the various components of the
microscope. This leads to a costly microscope. Moreover, in order to have a high numerical aperture in order to increase
the resolution of the captured data, the available working distance and space for the sample to be observed is very
limited. This complicates the preparation of the specimen or sample for viewing by the microscope and limits the type
of samples that may be observed and the forms in which they may be presented.

Summary of the invention

[0003] An object of the invention is to provide that a microscope that is easy and economical to implement and to use.
[0004] Itis advantageous to provide a microscope that is accurate and offers a high resolution, yet that is economical
to produce.

[0005] Itis advantageous to provide a microscope that simplifies the preparation of biological samples to be observed.
[0006] Itis advantageous to provide a microscope that can be used with various standard or common forms of biological
sample containers, including culture dishes for living cells.

[0007] Itis advantageous to provide a microscope that simplifies the preparation of biological samples to be observed.
[0008] It is advantageous to provide a microscope that is reliable.

[0009] Itis advantageous to provide a microscope that is versatile.

[0010] Disclosed herein is a microscope comprising a light source producing a light beam that is at least partially
collimated, a light beam guide system comprising a beam splitter configured to split the light beam into a reference beam
and a sample illumination beam, a sample observation zone configured to receive a sample to be observed, a beam
reuniter configured to reunite the reference beam and sample illumination beam after passage of the sample illumination
beam through the sample observation zone, and a light sensing system configured to sense the light beam downstream
of the beam reuniter such that the intensity and phase of the light beam may be retrieved after processing. In an
embodiment the light source may be configured to generate a coherent or partially coherent collimated light beam, in
particular a laser beam, for instance a diode laser beam. In a variant the light source may generate incoherent light, for
instance white light, that is collimated for instance by means of an optical lens.

[0011] According to a first aspect of the invention, the light beam guide system comprises direction change mirrors to
direct the reference beam and the sample illumination beam along their respective optical paths, wherein at least one
of the direction change mirrors is a pivotally actionable mirror controllable by a control system of the microscope. The
control system is configured to generate a mirror angle control signal to control an angle of said at least one pivotally
actionable direction change mirror, the mirror angle control signal being based at least partially on a signal of the light
beam received by the light sensing system.

[0012] In an embodiment, the control signal may be based on both the phase and intensity values of the light beam
measured by the light sensing system.

[0013] Advantageously, the microscope may be easily calibrated after manufacturing or transport, at regular interval
or before each use, by an electronic control of the angle of one or more of the direction change mirrors in the sample
illumination and/or in the reference beam path.

[0014] According to a second aspect of the invention, the sample illumination device comprises a mirror system
configured to direct the sample illumination beam at a non zero illumination angle (non orthoscopic illumination) with
respect to an optical axis, and a rotating beam mechanism configured to rotate the angled sample illumination beam at
least 360° (2 pi radians) around the optical axis.
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[0015] The rotating sample illumination beam with a pre-determined illumination angle according to the invention is
particularly advantageous over conventional solutions in that it allows to illuminate the microscopic object at a large
illumination angle, limited principally by the numerical aperture of the microscope objective, in an arrangement that is
low cost compared to lens based solutions. In effect, the rotating beam does not change the beam shape as opposed
to lenses or refractive or diffractive elements which thus need to be manufactured with extremely high quality in order
to reduce beam shaping, thus increasing production costs as opposed to the solution provided by the present invention.
Moreover the rotating beam allows a large working space for the sample thus providing versatility in the size of the
samples that may be positioned on the sample holder and viewed by the microscope while significantly reducing the
manufacturing costs of the microscope and sensitivity to the quality of the optical elements along the optical path.
[0016] According to a third aspect of the invention, the microscope further comprises an optical path difference (OPD)
adjustment device configured to adjust the optical path length of the reference beam relative to the sample illumination
beam, the OPD adjustment device comprising a first light deviating element and a second light deviating element, each
mounted on pivot supports configured to vary the angle of the first light deviating element relative to the second light
deviating element, whereby the angles of inclination of the light deviating elements influences at least the optical path
difference.

[0017] A continuous and accurate adjustment of the optical path difference may thus be achieved. Moreover, if needed,
a dynamic adjustment is possible.

[0018] In an embodiment, the mirror system of the sample illumination device is mounted in a rotating support and
the rotating beam mechanism is formed by the rotating support and a motor drive to rotate the support.

[0019] In an embodiment, the rotating beam mechanism comprises rotating tilt actionable mirrors to direct the sample
illumination beam on the mirror system of the sample illumination device and wherein the mirror system is mounted on
a fixed support.

[0020] In an advantageous embodiment, the pivotally actionable mirror is a MEMS type component.

[0021] In an advantageous embodiment, the pivotally actionable mirror is positioned essentially above the sample in
line with the optical axis of the microscope objective.

[0022] In an advantageous embodiment, the direction change mirrors comprise at least first and second direction
change mirrors arranged in the optical path of the sample illumination beam downstream of the beam splitter, both
mirrors being pivotally actionable to correct for optical path errors or to change the sample illumination angle.

[0023] In an advantageous embodiment, the microscope further comprises a data processing system configured to
receive a plurality of image frames data from the light sensing system, said plurality of image frames being generated
for at least a 360° rotation of the sample illumination beam around the microscope objective optical axis.

[0024] In an advantageous embodiment, the number of frames per 360° captured by the light sensing system and
data processing system is greater than 10, preferably greater than 20, more preferably greater than 30.

[0025] In an advantageous embodiment, the image frames data are reconstituted by the data processing system, or
supplied by the data processing system to an external computing system, for processing into a three dimensional image
of the microscopic object.

[0026] In an advantageous embodiment, the microscope is configured to generate a three-dimensional image of the
microscopic object based on the refractive index distribution of the microscopic object by determining the phase shift of
the sample illumination beam after passing through the microscopic object.

Brief description of the drawings

[0027] Further objects and advantageous features of the invention will be apparent from the claims, from the detailed
description, and annexed drawings, in which:

Figure 1a is perspective view with a portion of housing removed of a microscope according to an embodiment of
this invention;

Figure 1b is a cross-sectional view through the microscope of figure 1a;

Figure 2a s a schematic simplified diagram of the configuration of a microscope according to an embodiment of
this invention;

Figure 2b is a schematic diagram similar to figure 2a illustrating the effect on the optical path of various defects
such as manufacturing tolerances, wear, vibration or heat;

Figures 3a and 3b are partial views of samples according to first and second variants on a sample holder of a
microscope according to this invention;

Figure 4a is a view of an optical path difference (OPD) adjustment device, based on a transmissive principle, of a
microscope according to an embodiment of this invention;

Figure 4b is a simplified schematic diagram of the optical path device of figure 4a illustrating OPD walk-off correction
and figure 4c is a view similar to figure 4b variant illustrating OPD compensation;
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Figure 4d is a detailed schematic view of a transparent (e.g. glass) slab of an OPD device showing various angles
and dimensions discussed in the detailed description;

Figure 4e is are graphs showing the relation of the optical path length variation versus the angle of orientation of
the transparent slabs of the OPD device of figure 4a;

Figures 4f to 4g are schematic illustrations of a transmissive OPD device according to an embodiment of the
invention showing perfect synchronization (fig. 4f), imperfect synchronization (fig. 4g) and correction of imperfect
synchronization by means of tiltable mirrors (fig. 4h);

Figure 4i is a diagram illustrating the steps in a control procedure for adjustment of the OPD device of figure 4a.
Figure 5a is a schematic simplified diagram of the configuration of a microscope comprising an OPD device based
on a reflective principle, according to an embodiment of this invention;

Figures 5b, 5¢, and 5d are schematic simplified diagrams of variants of the OPD device of the embodiment of
figure 5a;

Figure 5e is a diagram illustrating the steps in a control procedure for adjustment of the OPD device of figure 5a.
Figures 6a and 6b are simplified schematic views illustrating inclined illumination of a sample to be observed, figure
6a illustrating effect of a variation in height (Ah) of the liquid in which the sample is immersed and figure 6b illustrating
effect of a variation in the illumination angle (o);

Figure 6¢c is a simplified schematic view illustrating inclined illumination of a sample to be captured with means to
correct effects of a variation in height of the liquid in which the sample is immersed;

Figures 7a, 7b, 7c and 7d are simplified schematic illustrations of a rotating illumination beam system relative to
a sample according to different variants of a microscope according to this invention;

Figure 8 is a perspective simplified view of a MEMS based mirror with adjustable tilt angle for use in the microscope
according to embodiments of this invention;

Figure 9 is a flowchart diagram illustrating steps of a calibration process (P1) of a microscope according to embod-
iments of this invention, in which an angle of a tiltable mirror in a sample illumination beam path is adjusted;
Figures 10a and 10b are flowchart diagrams illustrating steps of a feedback loop control process (P2) for sample
based automated phase correction of a microscope according to embodiments of this invention;

Figure 11 is a flowchart diagram illustrating steps of a calibration process (P5) of a microscope according to em-
bodiments of this invention, in which an angle of a tiltable mirror in a reference and sample illumination beam path
is adjusted;

Figure 12 is a flowchart diagram illustrating steps of a quality assessment process (P6) of a microscope according
to embodiments of this invention, in which an angle of a tiltable mirror in a reference beam path is adjusted;
Figure 13 is a flowchart diagram illustrating steps of an error analysis process (P7) of a microscope according to
embodiments of this invention;

Figure 14a is a schematic illustration of a Fourier transform of the intensity pattern of a hologram captured by a
light sensing system of a microscope according to embodiments of the invention;

Figure 14b is a schematic illustration of different levels of feedback control of the tiltable mirrors of a microscope
according to embodiments of this invention;

Figure 15a is an illustration of diagrams of aberrations of different orders captured by the light sensing system of
a microscope according to embodiments of the invention, for use in amplitude and phase analysis of the beam
received by the light sensing system;

Figures 15b and 15c are graphical representations of a signal generated by aberrations of different orders captured
by the light sensing system of a microscope according to embodiments of the invention;

Figure 16a is anillustration of geometrical angles and lengths of a sample illumination beam at an interface between
matter of two different refractive indices n1, n2, for illustration of a sample immersed in a liquid of height h;

Figure 16b is an illustration of the relationship between intensity of the measured beam signal and a defocus angle
(Aa);

Figure 16¢ is an illustration of the relationship between the defocus angle (Aa) of the sample illumination beam and
the height of the sample liquid to determine the phase correction (¢);

Figure 17a is a schematic diagram of a sample illumination beam path to illustrate angles and dimensions and
Figure 17bis atable of results of the varying angles and dimensions to illustrate the effects of tolerances in fabrication,
vibration or thermal effects on the angle of one or more tiltable mirrors in the sample illumination beam path needed
to compensate for the tolerance.

Figure 18 is a flowchart diagram illustrating overall the implementation of the various procedures P1 to P7 in the
operation of a microscope according to an embodiment of the invention.

Detailed description of embodiments of the invention

[0028] Referring to the figures, starting in particular with figures 1a to 2b, an exemplary embodiment of a microscope
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2 comprises a light source 4 in particular a coherent light source such as a laser beam device, a light beam guide system
6, a light sensing system 8, a data processing system 10, in particular for processing generated image data, a control
system 15, and a housing and support structure 12 generally housing and supporting various components of the micro-
scope 2.

[0029] The microscope 2 is capable of three-dimensional imaging of biological cells and microorganisms, including
living cells. The images of cells and other samples of biological micro-matter may be generated using the techniques
described in international patent application PCT/IB2011/051306 which is incorporated herein by reference.

[0030] The housing and support structure 12 comprises a sample observation zone including a sample holder 18
configured for holding biological samples in various standard and non-standard formats. The sample holder has a position
adjustment mechanism allowing the position of the sample to be moved three-dimensionally, in particular a height
adjustment and an adjustment in the plane traversed by the sample illumination light beam. A position adjustment
mechanism for a microscope is per se well known and allows the position of the sample to be observed to be adjusted
relative to the microscope objective position below (transmission) or above (reflection) the sample.

[0031] Inavariant(notshown),the sample observation zone may have a conduithaving atransparent section extending
through the zone traversed by the sample illumination beam, configured to observe sample material supplied by flow of
liquid to the illumination beam path in a closed conduit.

[0032] Referring to figures 3a and 3b, biological samples may be provided in a closed containing system 3a, or in an
open dish 3b (such as a petri dish). The biological samples may for instance be provided according to the following non-
limitative examples. As a general requirement for any type of sample, the buffering medium 5 should not scatter incoming
light. Clear liquids such as phosphate buffered saline (PBS) or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) may be used for instance. In order to keep cells alive for 3 to 4 hours, samples with PBS with for instance
glucose (e.g. 25 mmol) and HEPES (e.g. 10 mmol) work well. For static experiments, cells fixed with ParaFormaldeHyde
(PFA) may be usable for several weeks. The observation may be made through coverslips of typically 170 microns thick
(mostmicroscope objectives are optimized for such coverslips), and due to the limited working distance of such objectives,
cells should be fixed on the coverslip preferably not much further than 30 microns away from it. Optical surfaces should
be as clean as possible and cells holders should be carefully cleaned, at least twice by experience, so that as few dead
cells or any kind of remains as possible are floating in the mounting medium. In the example of figure 3a, the buffering
medium 5 is sealed in a chamber to avoid liquid drying out or leakage. A seal 7, for instance in the form of a tape spacer
(for instance from Grace Bio-Labs SS1X9-SecureSeal Imaging with inner diameter 9 mm and thickness 0.12 mm) is
mounted between the coverslip 9 and base 11.

[0033] For living cells provided in a standard Petri dish 3b with a transparent base, the cells can be directly observed
by locating the base of the Petri dish against or very close to the microscope objective 37. The amount of liquid is not
important, provided that the bottom surface of the dish against which cells are located, and which forms the plane of
observation 13, is covered.

[0034] The confluency of cells is preferably greater than 20% in order to ensure easy location of a cell for observation.
[0035] The coherent light source 4 may be in an exemplary embodiment a laser beam generator, for instance of the
type diode laser beam at 520 nanometer wave length. Laser beams of other wave lengths may also be used being noted
that the shorter of the wave length the higher the possible resolution.

[0036] The light sensing system 8 may in particular be a camera with an image sensor configured to read the light
beam received after passing through the sample and transmitting the detected light signal to the data processing system
10. The camera may be of a known type with CCD, CMOS or other types of photo sensors. It may be noted that the
image sensor may read only the intensity, but in conjunction with a holographic configuration, the wavelength and phase
of the beam can be obtained.

[0037] The light beam guide system 6 is configured to divide the coherent light beam into two beams, a reference
beam 7a and a sample illumination beam 7b that follow different paths, respectively a reference beam optical path 22
and a sample beam optical path 20. The light beam guide system comprises a beam splitter 14 that receives the coherent
beam 7 from the coherent light source 4 and spits it into the two beams 7a, 7b. The beam splitter is per se a well known
device and need not be further explained herein.

[0038] After the sample illumination beam 7b has passed through the sample 1 and before being captured by the light
sensing system 8, the sample illumination beam 7b and the reference beam 7a are reunited by a beam reuniter 16. The
beam reuniter, which may have the same configuration as a beam splitter operating in reverse mode is also per se well
known and need not be further described herein. The splitting of the coherent beam 7 along two paths, one passing
through the sample, allows measuring a phase shift of the sample illumination beam 7b relative to the reference beam
7a, dependent on the refractive index of the section of sample matter through which the sample illumination beam 7b
is passing through.

[0039] The reference beam optical path system 22 comprises direction change mirrors 30 to redirect and guide the
reference beam 7a along its path, and an optical path difference (OPD) adjustment device 32.

[0040] Referring to figures 4a to 4c, an OPD adjustment device 32 according to the illustrated embodiment is based
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on a transmissive principle and comprises a first light deviating element 42 mounted on a pivot support 46, and a second
light deviating element 44 mounted on a second pivot support 48. The light deviating elements 42, 44 are made of a
transparent material with a refractive index greater than air, for instance a glass slab, configured to bend the reference
light beam passing therethrough in a manner to allow adjustment of the length of the optical path of the reference beam.
The transparent material may be made of glass or a polymer or other transparent solids, and may simply have the shape
of a flat plate or slab, or may have curved or non-parallel outer surfaces. The pivot supports 46, 48 which comprise a
pivot axis P1, P2 and may be coupled together mechanically by interengaging teeth 50 such that the pivot supports
rotate simultaneously and in opposite angular directions w1, w2. The light deviating elements 42, 44 mounted on the
pivot supports thus pivot simultaneously and in opposite angular directions to adjust the length of the optical path of the
beam 7a. The greater the angle Q between the first and second light deviating elements 42, 44, the longer the optical
path of the reference beam 7a. The pivot supports 46, 48 may advantageously be micro machined parts made from a
semi conducting substrate using MEMS manufacturing techniques, the rotation of the pivot supports being controlled
by inductive current flowing in a section of the semi-conductor.

[0041] In an advantageous embodiment, at least one of the light deviating elements 48 may be rotatably mounted on
its pivot support in order to have an additional independent rotation of angle Q, with respect to the other light deviating
element, configured to allow adjustment for optical path misalignment (walk-off) due to misalignments, manufacturing
tolerances, and the like.

[0042] In an alternative embodiment, the first and second pivot supports may be independently controlled and not
mechanically directly coupled in order to allow adjustment of both optical path length and optical path walk-off.

[0043] In a variant, as schematically illustrated in Figure 4c, at least some of the direction change mirrors 30 of the
reference beam path system 20 are pivotable or tilt adjustable to adjust optical path length and/or optical path misalignment
(walk-off).

[0044] Referring to figures 4d and 4e, the principle of the OPD compensation system according to the above described
embodiment is further described. It is known that a glass slab may be used to laterally shift a beam and incidentally
increase the optical path length. The lateral shift may however advantageously be compensated by the use of two glass
slabs rotated one clockwise and the other one counterclockwise, to have both the lateral shift compensated while the
OPD twice as large.

[0045] Referring to figures 4d to 4f, the lateral shift (C’D) and the OPD namely, OPD = (BC*-BC), can be expressed
as follows:

—— ) cos8;
CD=esinf; |1 ————

Jn? —sin?6,

B 1) e (cos(@1 —6;) 1)

OPD = ne(
cosh,

cosb,

[0046] To compensate the lateral shift of the beam, another glass slab is tilted by the opposite angle: the shift is
compensated and the OPD is doubled at the same time as illustrated in figure 4f. Fig. 4f shows the OPD compensation
results according to the above calculation for two slabs of 10 mm thick each, of Rl 1.5 and tiltable from 0 to 60°.
[0047] The OPD adjustment device according this embodiment may be implemented into the microscope to adapt the
optical path to the sample thickness between two mirrors 30 as shown in Fig.4g. Due to an error of command, a difference
of glass slab thickness e, or simply loose tolerance in the assembly of components in the support structure 12, the exiting
reference beam 7a will be laterally shifted as shown in fig. 4h. For a distance of 300 mm between the lens and the
camera and a focal length of 20 mm for the lens, if one admits a possible shift of a tenth of the field of view on the sensor,
i.e. around 500 um, it means a maximum admissible lateral shift of about 40 pm on the second mirror. If we admit such
a maximum lateral shift, the two slabs 42, 44 should be tilted by angles with a maximum difference of 0.25°, or the
differences of thicknesses of the slabs should not exceed 100 um. To avoid imposing tight tolerances on the mechanical
drives or the dimensions of the glass slabs, it is advantageous to replace the mirrors 30 by tiltable mirrors TM3, TM4
controlled by a microcontroller of the control system 15 - see Fig. 4i.

[0048] The procedure of command of the full OPD compensation system can be described as follows with reference
to Fig. 4j and 4h:

- Asample 1 is placed in the sample observation zone 17 and ready to be explored;
- The glass slabs 42, 44 are placed in the neutral position (6= 90° in Fig. 4h).
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- Thetiltable MEMS mirrors TM3, TM4 are controlled to best uniform the intensity on the sensor. To ease the search,
the sample illumination beam 7b can be deflected out of the aperture of the microscope objective 37;

- The fringe contrast is evaluated from the calculation of the carrier peak energy compared to the DC component
energy in the Fourier domain.

- The OPD scanning starts by tilting the glass slabs 42, 44 in a certain direction by a certain small angle;

- For each increment of angle (the slabs can be driven by a stepper motor with an appropriate gear reduction ratio),
the laser spot is kept centered on the light sensor through a PID algorithm;

- The sample illumination beam 7b is redirected properly and the fringe contrast is assessed;

- Oncethe scanis complete, the slabs 42, 44 are properly oriented in the position which yield the highest fringe contrast.

- The positions of the tiltable MEMS mirrors TM3, TM4 are refined.

- The microscope is ready to optimally measure the sample 1.

[0049] In a variant, to speed up the iterative search described above, the optical thickness obtained from procedure
P1 (used in procedure P2) can be used to define a starting point of the slab angles close to the expected optimal position:
the tilt angle of the slabs resulting in the highest fringe contrast is directly dependent on the optical thickness of the
sample estimated in procedure P1.

[0050] Referring to figures 5a to 5d, an OPD adjustment device 32 according to the illustrated embodiment is based
on a reflective principle and comprises a first direction change mirror 30a, a second direction change mirror 30b, and a
third direction change mirror 30c. At least one of the first and third direction change mirrors 30a, 30c are tiltable, whereas
the second direction change mirror 30b, which is positioned intermediate the first and third mirrors along the optical path
of the reference beam, is translatable. Translation of the second mirror 30b changes the length of the optical path, the
tiltable first and third mirrors 30a, 30c being rotated to correct the direction of the reference beam as a function of the
displacement of the second mirror 30b.

[0051] In the variant of figure 5b, the second mirror is mounted on a support (not shown) configured to move the
second mirror in a direction oblique to a direction orthogonal to the second mirror reflection plane (also named angle
bisector displacement), whereby both first and third mirrors 30a, 30b are tiltable to adjust for the variation in angle of the
reference light beam. In the variant of figure 5c, the second mirror is mounted on a support (not shown) configured to
move the second mirror orthogonally to the second mirror reflection plane, whereby both first and third mirrors 30a, 30b
are tiltable to adjust for the variation in angle of the reference light beam. In the variant of figure 5d, the second mirror
is mounted on a support (not shown) configured to move the second mirror in a direction parallel to the reference beam
reflected off the second mirror (also named incircle displacement), whereby the first mirror 30a is tiltable to adjust for
the variation in angle of the reference light beam, and the second and/or third mirrors are optionally tiltable.

[0052] An advantage of the reflective OPD embodiment compared to the transmissive OPD embodiment is to minimize
the error inducing effects of optical surfaces such as intensity variations or astigmatism, and to use the degrees of liberty
readily available in MEMS tilting mirror motions. Procedure P4 may be essentially equivalent to that of procedure P3,
replacing slab rotation with mirror translation.

[0053] Referring mainly to figures 1a to 2b, the sample beam optical path system 20 also comprises direction change
mirrors 26 in order to guide the sample illumination beam along its chosen path. The sample beam optical path system
further comprises a sample illumination device 28 comprising a mirror system 34 and a rotating mechanism 36. The
mirror system 34 comprises a first mirror 54 and a second mirror 56 configured to direct the sample illumination beam
7b at a pre-determined angle a, with respect to the axis A of the microscope objective 37, towards the sample 1.
[0054] In an embodiment, the rotating mechanism 36 comprises a motor drive 38 and a rotating support 40 the mirror
system 34 being mounted in the rotating support 40. In the present exemplary embodiment, the drive 38 is coupled to
the rotating support via a transmission comprising a belt 39, however, many other transmission systems could be used
to couple the drive to the rotating support such as a gear system, or by magnetic induction coupling.

[0055] The rotating support 40 comprises a hollow or tubular axis 58 configured to allow the sample illumination light
beam to pass therethrough, and a mirror support body 60 in which the first and second mirrors 54, 56 are mounted. The
rotating support 40, in particular the hollow axis 58 is mounted via bearings 59 to the housing support structure 12.
[0056] The first mirror 54 redirects the light beam projected through the hollow axis onto the second mirror 56, and
the second mirror redirects the light beam onto the sample 1 positioned on the sample holder 18 at an illumination angle
o. The first and second mirrors may be arranged in a fixed relation within the mirror support body 60. In other variants,
either the first mirror or the second mirror, or both, may be pivotally adjustable. The pivotally adjustable first and/or
second mirrors may be useful to adjust the illumination angle to a chosen illumination angle, and/or to adjust for mis-
alignment due to manufacturing tolerances, or due to disadjustments during transport and handling or through use. The
illumination angle may also be adjusted by adjusting the angle of the direction change mirrors 26a, 26b of the sample
beam optical path system 20. The angle adjustable mirrors 26a, 26b, can be micro machined parts in a form of MEMS
fabricated mirrors formed out of semi-conducting material as illustrated in figure 8, as is per se known in the art, to form
mirrors with tilt angles that are electronically adjustable. The electronically angle adjustable mirrors thus allow to com-
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pensate for manufacturing tolerances to calibrate the device, and to adjust illumination angles to chosen values either
dynamically or statically as needed. Auto calibration of the microscope is thus possible after manufacturing and before
each use to correct for any misalignments, production tolerances, thermal effects, and wear that deviate the beam 7b’
from the chosen path 7b as best illustrated in figure 2b.

[0057] The angle adjustable mirrors in the sample illumination path system may advantageously also enable static or
dynamic adjustment for the refractive properties of the sample. For instance, a change in the height delta h of the liquid
(see figures 5a to 5c¢) within which the sample is immersed may be corrected for. Dynamic correction may be applied
to compensate for a non-uniform thickness of the liquid medium in which the sample is immersed with respect to the
path of the light beam as the beam rotates through 360° around the microscope objective optical axis A. This non-uniform
thickness may be due to a non-horizontal mounting of the sample container, or due to the presence of meniscus of the
liquid due to surface tension. A closed loop regulation system for controlling the tilt angle of the MEMS mirrors 26a, 26b
may be incorporated in an electronic control circuit of the microscope, the electronic control circuit also controlling the
rotating beam mechanism 36 and the light source 4.

[0058] In the embodiment illustrated in Figures 1b, the rotating support allows to rotate the sample illumination beam
during an image capture 360° while maintaining a fixed illumination angle a.. During the rotation of the mirror system 34,
a chosen number of image frames may be captured by the camera, for instance in a range between 20 and 200 image
frames, for instance around 100 image frames, each representing a different view angle of the microscopic object being
observed. Each frame represents a two-dimensional image section representing the refractive index distribution in a
planar section of the sample being observed. The two dimensional sections may be compiled to reconstitute a three-
dimensional refractive index based image of the observed microscopic object. The rotation speed of the beam, which
depends on the rotational speed of the rotating support 40 as concerns the embodiment illustrated in figure 1b, may be
adjusted as a function of the frame capture frequency of the light sensing system 8.

[0059] The rotating sample illumination beam with a pre-determined illumination angle a according to the invention is
particularly advantageous over conventional solutions based on lenses, in that it allows to illuminate the microscopic
object at a large illumination angle o, as large as the numerical aperture (NA) of the microscope objective 37 allows.
This provides much greater flexibility in the size of the samples that may be positioned on the sample holder and viewed
by the microscope while significantly reducing the manufacturing costs of the microscope and sensitivity to the quality
of the optical elements along the optical path. Moreover, the rotating mirror system does not change the beam shape
as opposed to lenses or refractive or diffractive elements which thus need to be manufactured with extremely high quality
in order to reduce beam shaping. The latter significantly increases production costs as opposed to the solution provided
by the presentinvention. In the presentinvention the illumination angle o may be changed, either by replacing the rotating
support 40 if the mirrors are in a fixed relationship therein, or by having rotatable first 54 and/or second 56 mirrors in the
rotating support whereby the illumination angle limit is determined by the numerical aperture of the microscope lens.
For example, for a numerical aperture of 0.8, the illumination angle may be 55°, and with a numerical aperture 1.3 the
illumination angle may be up to 64°. The higher the angle, the greater the sensitivity and thus the resolution of the two-
dimensional phase image and thus the three-dimensional phase image reconstituted therefrom.

[0060] The tilt adjustable mirrors in the optical path of the sample illumination beam are particularly advantageous in
thatthey allow to adjust for misalignments, manufacturing tolerances, wear during life of the device, and also for correction,
either static or dynamic, for the variations such as the height of the liquid in which the matter to be observed is immersed.
[0061] Another particularly advantageous feature of the invention is the optical path difference (OPD) adjustment
device 32 having tilt adjustable transmissive or reflective light deviating elements 42, 44, 30a, 30b, 30c that allow for
automatic and continuous calibration or adjustment of the optical path difference and also to correct for OPD walk-off
without having to change the elements. In conventional devices, a series of transparent discs of different thicknesses
are positioned in the reference beam path as a function of the adjustment of the optical path, however this does not
allow a continuous and fine adjustment, nor does this allow to correct for OPD walk-off.

[0062] Referring to figures 7a to 7c, starting first with figure 7a, in a first variant the rotating beam mechanism 36
comprises the mirror system 34 with first and second mirrors 54, 56, is mounted in a support 40 that is rotatably mounted
on the housing support 12 and that is rotated through 360° around the microscope objective optical axis A to perform
the image capture of the sample 1. The second direction change mirror 26b may be adjustable, according to a variant,
or fixed, whereby in the adjustable variant the angle of illumination o of the beam may be varied either to change the
illumination angle, or to maintain a fixed illumination angle and correct for any misalignment or misadjustment. In the
second variant of figure 7b, the mirror system 34 of the sample illumination device is fixed, the first mirror 54 being
essentially in the form of a central cone that redirects the beam 7b to the second mirror 56 also forming essentially an
outer conical ring. The beam rotation is performed by the second direction change mirror 26b of the sample beam optical
path system 20, the mirror performing a continuously tilting circular movement in order to rotate the illumination beam
around the cone formed by the first mirror 54 such that the illumination beam rotates 360° around the microscope
objective optical axis A. The advantage of this solution is the limited mechanical parts, however with a greater sensitivity
to the accuracy of curvature of the conical mirror surfaces as compared to the mechanical solution illustrated in figure 7a.
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[0063] Figure 7c also illustrates a system with a fixed support 40 whereby the rotating illumination beam is actuated
by a central tiltable mirror 54’ that performs a circular tilting movement through 360° and that reflects the beam towards
an upper first mirror 56a that reflects to a second lateral mirror 56b.

[0064] Figure 7d illustrates an embodiment in which the sample holder 18 comprises a base 18b and a rotating sample
support surface 18a on which the sample is placed. The sample illumination beam 7b in this embodiment is thus rotated
relative to the sample by rotation of the sample holder about the optical axis A of the microscope objective 37 while the
beam remains in a fixed angular position. Either one or both of the direction change mirrors 26 may be a pivotally
actionable mirror TM1, for instance in the form of a MEMS component.

Sample illumination procedure P1 - Example of an autocalibration routine:

[0065] According to an embodiment of the present invention, the microscope may advantageously comprise a control
system and software configured to implement an autocalibration routine with the aim of controlling the detection angle
of a tiltable (e.g. MEMS) mirror 26, TM1 with the aim of correcting for geometric misalignment so that the sample
illumination beam 7b impinges upon a focal plane of the microscope objective 37 in the center of its field of view (FOV).
This is equivalent to the incident light spot being centered on a sensor surface of the camera 8, respectively being
centered on the captured digital image. The corrections are dynamic in the sense that they may change with the rotation
angle of the sample rotating beam system 36.

[0066] As the misalignments for which one would like to correct are identical for each rotation of the rotating beam
system 36, the signal controlling the tiltable mirror 26a is periodic with respect to the system’s rotation. For each degree
of freedom i = x, y in the tiltable mirror, the signal can be described using a countable number of discrete Fourier sine

and cosine coefficients a1i1 and briu respectively, corresponding to the rotating beam system’s rotation frequency f,

and integer multiples nf, thereof. Due to the rotational character of the optical configuration, the dominant Fourier

coefficients are the DC terms bé, and those related to the fundamental frequency, ai and bi corresponding to an

angular offset and a circular angular motion of the mirror with the same frequency as the rotating beam mechanism,
respectively. While higher order terms may be necessary to fully describe the required correction signal, in most cases
only a handful (approx. 10) of terms is required and thus presents a memory-efficient means for storing the correction
information - one which, for example, can easily be stored in the limited memory of a microcontroller performing the real-
time correction during operation.

[0067] Iftheincidentlightspotisinthe objective’sfield of view (FOV), the spot’s position can be determined quantitatively
by summing the pixel values in the camera image’s four quadrants. Taking the difference between the sums of two
diagonally opposite quadrants then yields two values u, v that desribe the spot’s position with respect to the image
center. A spot in the center of the FOV will yield u = v =0.

[0068] The values u, v can be used as a feedback value, e.g. for a PID control. The correction signal trajectory can
then be obtained by rotating the sample illumination beam relative to the sample and using the PID to keep the spot in
the center of camera’s digital image. However, this process may lead to the following difficulties: (i) in general, the spot
is initially not in the camera’s field of view and so the feedback loop is broken; and (ii) as the PID control's speed is
limited by the camera’s frame rate, it may require very large frame rates to be able to follow the spot during rotation. In
other words, during rotation, it can happen that the spot completely leaves the camera’s field of view between two camera
frames, preventing the PID from being able to react.

[0069] To circumvent these difficulties, in an embodiment illustrated in Figure 8, a two-step process as described
hereafter may be implemented. Under the assumption that the dominant Fourier coefficients are the DC and fundamental
frequencies, a first step acquires approximations of these coefficients so that the feedback loop must only be able to
react to the higher harmonic terms which exhibit much lower amplitudes. First, positions of the tiltable mirror centering
the spot in the camera’s 8 field of view are found for two orthogonal static positions 67, 62 of the rotating beam mechanism
("angles 1 and 2" in the flowchart of figure 9, 87 and 62 below) - see steps P1-1 to P1-5 and P1-6 to P1-10. This is done
by moving the tiltable MEMS mirror in a search pattern until the spot enters the camera’s field of view (steps P1-2, P1-3
and P1-7, P1-8). A PID control is then used to center the spot in the image (step P1-4, P1-9). The thus obtained MEMS
mirror angular positions may be saved (step P1-5, P1-10) and allow the calculation (step P1-11) of the DC and fundamental
Fourier coefficients corresponding to the angular offset and circle radius and phase. This can be done by solving the 6
equations:

by + af sinf; + b cos; = x,,;
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b) + al sin@; + b} cos 6, = y,,;
by + ai sinf, + b{ cos 8, = x,,,

b) + &l sinB, + b] cos 8, = V,,,
af = Fb]

X — y
T =—Faj

for the 6 Fourier coefficients a and b. Here, the subscript m indicates the x and y values obtained from measurements
for angles 7 and 2, and F is the sensitivity ratio between the x and y directions of the tiltable mirror.

[0070] Next, the rotating beam system (for instance referring to the arm of the mechanically rotated system illustrated
in the embodiment of figures 1a, 1b) is rotated continuously (step P1-12) and the previously determined offset and
circular motion are dynamically applied to the tiltable mirror TM1 (step P1-13). The dominant portion of the incident light
spot’s motion is thus subtracted and the residual motion is slow enough to be followed by the feedback loop, i.e. PID
control (step P1-14). The position may be saved (P1-15) and after a complete revolution the Fourier transform (P1-17)
of the feedback loop’s output signal can then be added (P1-18) to the previously obtained Fourier coefficients (i.e. DC
and fundamental frequency values) resulting in the complete correction spectrum.

[0071] If necessary (P1-16), a second iteration can be performed, now applying all the obtained Fourier coefficients
to the MEMS mirror TM1 during rotation and using the feedback loop to again minimize the residual spot motion. This
can be useful when changing rotation frequencies as the MEMS mirror’s response is, in general, frequency-dependent
and thus the coefficients may change with the rotating beam’s angular speed.

Sample phase correction procedure P2 - Example of feedback loop control of tiltable mirror for sample based & automated
phase correction

[0072] This routine has the goal of finding a parameter for accessing a range of the lookup table (LUT) used to
numerically correct a systematic error in the phase flatness of an acquired image. The laser sample illumination beam
impinging on the sample may be slightly uncollimated. This may be due to a misalignment of the collimation optics but
also due to the diffraction-limited divergence of a Gaussian beam. When changing the optical thickness of the sample
through which this beam must travel, the curvature of the phase front in the microscope objective’s field of view (FOV)

is modified in the form of a defocus (Zernicke Zg ) aberration. It has been observed that this defocus aberration depends

on the azimuthal angle @of the rotating illumination arm and the optical thickness nh of the sample, where nis the sample
medium’s refractive index. As the aberration does not change from sample to sample, a pre-determined LUT can be
used to numerically correct the defocus effect, given & and nh.

[0073] The optical thickness nh of the sample can be deduced from the results of calibration procedure P1. It may be
noted that procedure P1 may be performed to compensate for a sample-thickness h1, h2 (see Fig. 16d) dependent
walk-off of the sample illumination beam from the microscope objective’s field of view (FOV).

[0074] As the tilting mirror TM1 positioned upstream of the rotating beam system is mounted statically, the rotation of
the rotating beam system 38 causes the correction by the tiltable mirror TM1 to be dynamic. However, the dominant
component is a circular correction, corresponding to a constant angular deflection in cylindrical coordinates (¢’ in Figure

16d). In procedure P1, the circular motion is described by the first order Fourier coefficients ai and bi', the motion’s

radius given by

R= @+ 07 =F (@) + (7).

The radius R is directly proportional to the shift in the angle «’. Due to Snell’s law, there is no linear relation between nh

10



10

15

20

25

30

35

40

45

50

55

EP 2998 776 A1

and «’, thus between nh and R. However, if a look up table (LUT) is used to characterize the nh-dependence of correction
parameter A9, any nonlinearity can be compensated by the LUT itself, as long as the nonlinearity was taken into account

during creation of the LUT. In this case, the LUT parameter can be directly defined by the radius R.
The procedure steps can be listed as follow:

P2-1 After having performed calibration procedure P1, compute R from the first order Fourier coefficients ai and

bi as described above.

P2-2 Update the corresponding LUT index from which to extract the correction coefficients Ag (8)-

As the defocus correction Ag is applied for each acquired hologram separately, the corresponding LUT parameter 9
is determined at runtime, e.g. exploiting an angular position sensor or using the hologram’s carrier frequency.

In a variant, the above procedure is performed using lower harmonics (i.e. the DC Fourier components b(l')) and higher

harmonics for the walk-off compensation, allowing detection of a nonuniform sample thickness (e.g. atilted dish containing
liquid or a warped surface). In this case, the rotation symmetry above is broken and the LUT parameter R, itself, depends

on the rotation angle: A% — A(z) (R(Q), 9).

[0075] In a variant, the optical thickness nh is determined from the optical path length compensation performed in
P3/P4. There, the optical path difference induced by the sample thickness nh is compensated by a moving element.
The position of the moving element can conversely be used to deduce the optical thickness nh. Similarly to above, nh
is nonlinearly dependent on the moving element position, but this nonlinearity can be compensated by an appropriately
calibrated lookup table LUT. Vice versa, the estimation of the optical thickness nh deduced by procedure P2 may be
used to position the moving element in P3/P4.

Reference beam correction procedure P5 - Example

[0076] This routine has the goal of finding an optimal setting for tilting mirror TM2 so that the observed holographic
fringes have a frequency which optimizes the demodulated phase image’s signal-to-noise ratio (SNR). The holographic
fringes are created in the microscope by superimposing two light beams on the light sensing system 8 (e.g. camera),
namely the object beam and the reference beam. Assuming both beams are plane waves with wave vectors E; and Z

the intensity on the camera can be written as:

1(x,y) = 2+ ellr k)7 g pilks—Rr)? (1)

where F = (x, Y, Zc) and z is the z-position of the camera. While both beams exhibit a spherical curvature, the radii

are the same in both cases and can be subtracted during superposition. The reference beam’s direction can thus indeed
be described by a single wave vector k,. Similarly, the object beam comprises a main component kg modulated by the

object through which it has passed. The object beam’s carrier frequency follows the direction of the rotating incident
illumination, its in-plane component describing a circle around the origin, as described by the dotted circle in Fig. 14a.
The arrow denotes the in-plane wave vector of the reference beam. The Fourier transform of the intensity pattern
described in Eq. (1) is shown by the -1 order and +1 order circles: the constant term is displayed by the black dot near
the origin and the second and third summands are the circles, named "+1 Order" and "-1 Order", respectively. In order
to accurately process the holograms, the spectrum of the superimposed waves’ intensity pattern (i.e. -1 order and +1
order circles above, called the carrier frequency Z) must be spatially separated from the constant term described by
the black centre dot. In addition, the entire circle should be in a single quadrant of the spectrum, speeding up processing
as only a single quadrant must be regarded. Introducing a tilt in the reference wave corresponds to multiplying its
expression with a linear phase function, which direction is defined by the vector kr. The tilted reference wave hence
becomes rt =re-i(kr -x),where x =(ex,ey,ez) is the unitary vector of the Cartesian coordinate system:

One can identify that the interference terms are multiplied with various phase factors, which correspond in the SFD

to different modulations. If one considers the modulation frequency along an axis wx parallel to the modulation
direction, the inclination angle 6 will induce a modulation frequency corresponding to

1"
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On the other hand, the detector has a sampling capacity in the x direction corresponding to a frequency of w = 1/4x,
where Ax is the pixel size of the camera. By considering the Nyquist theorem, the maximum angle which can be resolved
by the detector is thus

sin2ecos¢ 1

(@, = S Dena ol A,
- A IAX Gy sism —
. LAXND
s d
=sin 2o, S
V24X

According to this equation, for the main laser line of A = 520 nm and a standard pixel size of a CCD camera (Ax =5 pm),
the maximal usable angle is Y < 40 and «(2)< 2o. In order to enable measurement of diffracted wave vectors, one can
consider in first approximation limiting the angle to one half of this value, putting the carrier frequency at the center of
the quadrant, thus yielding (2)< 1°. Assuming a maximal band pass shift of band pass/8, hence 512px/8=64px, the
maximum shift results in 4¢(2)< 0.25°.

[0077] Given a maximum distance of 300mm from the tiltable mirror TM2 to the light detector 8, a maximum shift
results in 4¢(2)< 0.25° results in a lateral real space displacement of tan(0.25°)*300mm=1.3mm. For a typical sensor
size 1024*0.005mm=5.12mm, a beam size of 6.4mm should be hence sufficient to adapt the carrier frequency only «(2)
without losing intensity in real space diameter_ref=FOV+maximum displacement.

[0078] The position of the intensity pattern’s spectrum is dependent on both the object 7b and the reference 7a beam’s
direction. As the geometry of the microscope objective 37 in relation to the camera 8 is fixed, the object beam’s direction
can not easily be adjusted. The reference beam’s direction, however, can be adjusted using a tiltable mirror, e.g. TM 2.
A procedure for finding an optimal position for tiltable mirror TM2 may be as follows:

P5-1 Calibration procedures P1 and P3/4 are first run through to ensure that there are fringes observable on the
light detector 8.

P5-2 Rotate the object beam 7b by means of the rotating beam system 36 (for instance rotating the support arm 40
in the embodiment illustrated in figure 1b) to maximize the k,-component of the object beam’s wave vector.

P5-3 Compute the 2D FFT of the intensity pattern on the light detector (camera) 8 and calculate the carrier frequency

J from the +1 Order.
C

P5-4 Compare k, , with a pre-defined minimum value kq;. If k;,, > ki, proceed to step P5-6. P5-5 Increment the
tilting mirror TM2 so that the reference beam 7a falls more steeply on the x-axis of the camera 8. Return to step P5-3.
P5-6 Rotate the object beam 7b by means of the rotating beam system 36 (for instance rotating the support arm 40

in the embodiment illustrated in figure 1b) to maximize the k_y-component of the object beam’s wave vector.
P5-7 Compute the 2D FFT of the intensity pattern on the camera and calculate the carrier frequency E from the

+1 Order.

P5-8 Compare k|, with a pre-defined minimum value kyn. If k¢, > K, proceed to step P5-10.

P5-9 Increment the tilting mirror TM2 so that the reference beam falls more steeply on the y-axis of the camera.
Return to step P5-7

P5-10 Blank the object beam 7b by tilting the mirror TM1 in the object beam path (positioned upstream of the sample
1), completely to one side so that only the reference beam 7a falls on the light detector 8.

P5-11 Compute the filling factor f f of the reference beam by calculating the portion of pixels in the camera region
of interest (ROI) that are illuminated.

P5-12 Compare f f with a predefined value f f,,. If f f > ff,;,, proceed to step P5-14

P5-13 Move the ROl away from the mean position of the non-illuminated pixels. Return to step P5-11.

P5-14 Return the object beam tiltable mirror TM1 to its default position to see the object beam on the light detector.
P5-15 Continuously rotate the object beam (e.g. rotating the support arm 40).

P5-16 Acquire multiple holograms and compute the centroid of their carrier frequencies as the center of the bandpass
filter used for demodulation.

12
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Quality assessment procedure P6 - Example referring to figure 12

[0079] This routine has the goal of assessing the quality of a measurement by extracting some features of the optical
beams, when no sample is present in the field of view: intensity mean value waviness and roughness. The goal of this
procedure is to furnish i) information on beam intensity distributions (that can be used to diagnose a problem) and ii) a
LUT for the A_n"m, which remain to be determined after procedure P2, where n>2 and m>1. If a sample 1 is inserted
into the object beam 7b path, a lightened procedure must be applied to make sure that the sample is basically in the
ad-hoc shape to allow proper 3D measurements.

[0080] Depending on the type of observed samples, the nature of the mounting medium and the state of cleanness
of the optical surfaces, the intensity distribution can be more or less altered. Moreover, even when beam uniformity
fulfills some quality requirements, the phase of each hologram may not be perfectly flat due to remaining slight misalign-
ments in the optical paths. To allow best quality tomographic measurement, and once the first orders aberration have
been compensated, namely piston, tilt and defocus, the higher order aberrations may be quantified and numerically
compensated, as described in procedures P3 or P4.

[0081] At this stage of the calibration of the device, the procedures P1, P2, P3/4 and P5 have been conducted. We
may now ensure that the full field of view is empty of defects which may come out as non-uniformity in the intensity
distribution of the object and/or reference beam. Alternatively, as described in Fig. 18, P6 may be conducted after
applying P1, P3/4, and P5, on a empty FOV hence yielding for a LUT of parameters A_n"m which are solely due to the
microscope’s optical properties. Following procedure P2 serves to update A_2"0 which is due to the sample induced
optical properties.

[0082] An approach is thus here to first use the tilting mirror TM2 in the reference beam 7a optical path to mask the
reference beam with respect to the light detector 8. The object beam 7b can then be characterized. The same procedure
may be carried out for the reference beam when masking the object beam by tilting mirror TM1. If an error is detected
at this point, the procedure P7 may be launched, otherwise, a tomographic acquisition may be carried out, meaning a
sequence of holograms is acquired and analyzed.

[0083] Once the beam uniformity fulfills some predefined quality criteria, a sequence of holograms, is recorded and
analyzed, as previously described. From each hologram retrieved during a revolution of the rotating object beam relative
to the sample 1, the phase ¢[6] of the beam signal retrieved by the light detector is calculated and characterized in terms
again of flatness and roughness. For each rotating beam system angle, a least-squares fit to the Zernicke polynomials
R_n"m may be calculated to produce a lookup table (LUT) of the values of A_n"m parameters. From this LUT, a flat
phase can be retrieved for every orientation of the rotating beam system and a tomographic reconstruction can be
achieved (still of an empty field of view). In addition, this method is prone to statistical characterization from this 3D
measurement, which can be compared to quality criteria in terms again of flatness and roughness.

Error analysis procedure P7 - Example referring to figure 13

[0084] When an error occurs, this procedure is launched to solve the problem or diagnose it as much as possible to
send useful information to a computer network (herein named the Cloud) in the form of a log file. If after several testing
routines, the device still does not work properly, maintenance might be required.

[0085] We only consider here failures in the above described routines from P1 to P6. This error routine P7 describes
how the system is able to self-diagnose a problem and solve it or gives basic and precise instructions to the user to do
so. Two types of problems are considered: a problem linked to i) the sample, either it be the nature of the sample
(absorption, thickness), or the nature of the medium in which the sample is immersed (diffusing or exhibiting floating
debris) or to ii) the optics, for instance due to dust or a misalignment.

[0086] The approach is the following when an error is detected which prevents from carrying out proper tomographic
measurement, or simply from completing one of the procedures P1 to P6. In a first step, the device connects to the cloud
in order to upload a log files containing meta-data. A second step is to carry out a blind global search in 2D of the object
beam 7b by pivoting of the tiltable mirror TM1. This search is said to be blind as no specific constraints are given to
restrict the search pattern within the range of possible tilt angle of TM1. This procedure occurs either during the microscope
start-up, for instance without sample 1, or after a sample has been inserted in the sample observation zone 17.
[0087] Lateron,aconstrained global search may be made on the reference beam tiltable mirrors TM2 to TM4, whereas
constraint is given by parallel orientation of TM3 and TM4 as function of movable element or angle ranges of TM2 This
step aims at identifying if the problem, not solved by the previous steps, could actually come from the reference optical
path. The search is constrained here as the motions of the mirrors are, by design, connected by linear laws. It also allows
reducing the complexity of the search and thus speeding it up. After having performed those two global searches, the
procedure P6 can be done to assess the quality of the measurement. From there, the problem is either solved or further
analysis is required, which is then performed for different orientation of the rotating light guiding system. An individual
and computation-intensive analysis may be applied to the sample illumination dependent series of holograms. It aims
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at defining whether the problem is orientation dependent or not.

[0088] It can then be deduced if the problem comes from the optics or the sample, and oriented instructions could be
givento the user. If the quality is not satisfying yet, then the device can be remotely accessed for more advanced analysis.
If the problem remains after this procedure, the device requires special care.

[0089] Figure 18illustrates an example of the overall implementation of the various procedures P1 to P7 in the operation
of a microscope according to an embodiment of the invention.

[0090] An amplitude and phase analysis of individual holograms captured by the light sensing system in each of the
procedures P1 to P7 described above is explained hereafter. The different levels of feedback can be viewed in an onion
peelmodel, the outer surface of which describes the most accessible level while the innermost core is the least accessible.
Access to each level first requires a successful alignment of all outer feedback levels. In particular, the different levels
of feedback control can be described using an onion peel model with the subsequent levels intensity, coherence, fringe
frequency and phase as shown in Fig. 14b. Each feedback level can be accessed in one or more of the presented
calibration procedures and represents not only a monitor for the calibration quality but also a parameter which must be
optimized before proceeding inwards: all outer layers must be successfully calibrated before the next layer can be
assessed. The innermost layer, the imaged phase, is finally the value used for imaging biological samples in the micro-
scope. The first layer, the intensity, is the least complicated parameter to adjust as it requires no alignment of the other
parameters. The intensity of the object and reference beams are optimized if the beams pass neatly through the clear
apertures of all optical elements in the beam path. Initially, a proper alignment must be found only once, but the intensity
must be adjusted each time the configuration is modified during the alignment of the other feedback parameters. One
special case of intensity alignment is the calibration procedure P1, as it entails the determination of a dynamic correction
that ensures that the intensity maximum of the object beam remains centered on the microscope objective’s FOV during
rotation of the sample illumination beam. The intensity layer can also provide information on the sample and the con-
figuration of the system. For example, the coefficients obtained in procedure P1 can give an estimate of the sample’s
optical thickness, as is used in P2. Also, the angle of the tiltable mirror TM3 in the reference beam path at which the
light beam impinges on the tiltable mirror TM4 provides an approximation of the position of the mirror TM4.

[0091] The second layer, the coherence, is optimized if the optical path lengths of object and reference beams are
shorter than the light source’s coherence length. This is equivalent to a fixed phase relation between the object and
reference beams and is required for interference fringes to be observed. It is obvious that in order to obtain fringes, the
intensity of both object and reference beams must be properly optimized, i.e. the outer layer must be successfully aligned.
Conversely, after optimizing the optical path lengths, the intensity alignment should be verified. Besides providing a
prerequisite for interference, the configuration for optimal coherence is also a measure for the optical thickness of a
sample in the object beam path.

[0092] The third layer, the fringe frequency, is defined by the relative angles of the reference and object beams incident
on the light sensing system. In contrast to the intensity, this layer is influenced by the angle at which the optical elements
in the beam path are passed through. This layer is optimized if the fringe frequency is large enough so that the modulated
image information in the pass band around the observed hologram order does not overlap the 0 order region. The fringe
frequency is further optimized if the fringe direction is such that the carrier frequency peak in the corresponding spectrum
is in the same quadrant for all rotational positions of the rotating sample illumination beam relative to the sample, thus
speeding up processing. The proper alignment of intensity and possibly also coherence must be verified after modifying
this layer.

[0093] The fringe frequency, i.e. the position of the carrier peak in the hologram’s Fourier transform, can be used to
extract useful information at run-time, namely during acquisition. For example, the peak’s maximum defines the frequency
that must be used for demodulation. The peak’s position relative to the centroid of its rotation upon turning the sample
illumination beam relative to the sample can be used to calculate the angular position of the rotating beam system relative
to the sample, to be used for look up table (LUT) based corrections of the phase.

[0094] The innermost layer, the phase of the demodulated image, may be used to reconstruct an image of the sample
1. This value is obtained by acquiring a hologram, applying a filter to the previously determined pass band in its spectrum,
and successfully demodulating the carrier frequency. It can be seen that all outer layers must be optimized before
assessing the phase. Given an empty sample containing the medium but not the biological object, this parameter is
optimized if the phase of the resulting image is optimally flat. This phase flatness can be degraded by a suboptimally
corrected microscope objective, but also by incorrectly placed optical elements in the microscope, such as:

I. Passing a non-collimated beam through a flat window.
1. Passing a beam through a lens obliquely, i.e. not parallel to the lens’s optical axis.

[0095] The above aberrations, particularly number //., can be minimized using optimization routines to control the

beam position and incident angles onto the optical elements. Residual phase errors can be corrected numerically if a
sample-free reference is provided.
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[0096] Referring to figure 15, phase correction for the auto calibration steps is explained hereafter. An object scanning
feedback for optical thickness estimation is performed through the control of tiltable mirrors. It allows sample based and
automated phase correction, meaning user independent correction without background identification, and which is ca-
pable of dealing with high cell confluency.

[0097] The optical aberrations introduced during the imaging process can be described regarding the phase transfer

from objet to image. It is assumed that the phase of the object @, (F) is modified by a phase offset Qs (F) of the

optical system. The light fields can thus be written as

E,(Pe%i® = E (PewoMeios® = E_(7) i(0o () +0s(®)

Here, the index i denotes the image, o denotes the object and s denotes the optical system. If the aberrations in the
form of ¢ (7°) are known, a correction phase factor O 7 = — s (7) can be derived with which the undistorted

object field can be reconstructed:
E,(#)ei?o®) = E,(#)ei®i(®) gi¢c(F)

The phase offset P (F) can be expanded in a series of polynomials called Zernike polynomials Z;n, m=-n..n-
These polynomials are depicted in Figure 15a. Accordingly, the correction factor can be reduced to a set of parameters

m i 2 — mogm zm(: i i
AT} with ¢ (7) = — Zn Am7r (7°)- To numerically correct for aberrations after a measurement, the parameters
A;ln must be determined.

[0098] For an empty sample, namely a medium (e.g. a liquid) without biological sample immersed therein, Q; (F) is

constant and so the phase measured e.g. by a holographic microscope describes the pure aberrations. An analysis of
the present aberrations indicates their respective origins. Z, aberrations, i.e. tilt, depend only on the orientations ¢ and

o of the illumination and their magnitude can directly be determined from the carrier frequency in each hologram. Most
higher order aberrations (m > 2) are characteristic to the imaging system and independent of the sample, hence these

aberrations can be characterized without sample, their corresponding correction parameters A’T? stored in a reference

table. A special case is the defocus aberration, Zg, which is composed of a system-defined component and a component

depending on the sample thickness nh and illumination direction. The corresponding correction parameters Ag must

thus be stored in a reference table with additional parameters for nh and 6.

[0099] Tilt (Z1 aberrations, A_1%(=1) factors) for each acquired hologram can be determined directly from the holo-
gram’s Fourier transform (special frequency domain, SFD) or through a least-squares fit in real space to the phase of
a hologram frequency filtered to contain only one non-zero order (or by a combination of the two approaches). The
correction factors are directly proportional to the position of the hologram’s carrier peak, respectively the slope of the
plane fit by least-squares.

[0100] The carrier wave frequency (respectively peak position in the SFD) can be used to determine the angular
position dof the rotating beam mechanism relative to the sample. Here, the position of the carrier peak must be determined
with respect to the centroid of the circle described by the carrier peaks during a complete rotation of the rotating beam
mechanism. This center can easily be found given three carrier peaks: the centroid is the intersection of the perpendicular
bisectors of the line segments connecting the three peak positions. Given the rotating beam mechanism position 6, the
remaining correction factors A_n*m can be obtained by inserting 6 (and the sample thickness) into a lookup table. This
lookup table is previously populated from calibration measurements on transparent, homogeneous samples such as in
procedure P6. For various sample medium thicknesses nh and rotating beam mechanism angles 6, the uncorrected
phase is measured and a least-squares fit to the Zernicke polynomials R_n*m yields the lookup table values.

[0101] Referring to figures 15b and 15c, typical measurements, represented by higher order development as function
of time (during rotation), of astigmatisms and defocus in different sample conditions is illustrated. In figure 15b, the
sample is provided by a coverslip for which defocus is only a function of rotation, the magnitude of the defocus’ offset
is determined by the optical thickness, and astigmatism is constant in time and dependent on rotation. In figure 15c, the
sample is in a Petri dish whereby defocus may be a function of rotation and evaporation (changing in time), the magnitude
of the defocus’ offset is determined by the sample’s optical thickness and a possible meniscus, and astigmatism is
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constant in time and dependent on rotation.

[0102] These measurements tell us that the mean magnitude of defocus varies with the sample’s optical thickness.
Therefore, the goal of a scan by varying the angle of a tiltable mirror in the sample illumination path is to determine the
sample’s optical thickness and by these means the magnitude of defocus. In case of an aqueous solution, a meniscus
may introduce additional defocus. For best defocus estimation, a measurement of eg theta dependence (during calibra-
tion) of defocus could serve as meniscus estimation (amongst others).

[0103] Referring to Figures 16a-16¢, an estimation of the pre-factor mentioned above is explained. During a scan in
which the angle of the tiltable mirror is varied, measurement of the light beam signal captured by the light sensor (e.g.
camera) of the light sensing system provides the following information: the intensity in the center of the field of view, i.e.
at (x = 0), will show a maximum if the incident light's angle a is such that the light beam falls directly into the field of
view. This is the case displayed in Fig. 16a for the solid line. For a varying optical thickness thickness nh of the sample,
this maximum will shift to a different o, as displayed in Fig. 16b. The relation between the angle a. and the optical thickness
can be given using Fermat's principle and involves minimizing the optical path y for a given geometry:

Y= nZ\/hz + xf + n1\/()’0 —h)? + (xg — x9)2.

[0104] Here, (xq, yo) is the position of the beam reflected off of the tiltable mirror and (x4, y4) is the position of the beam
entering the sample medium. A nonlinear relation between o and the optical thickness nh can thus be derived, but for
optical thicknesses small compared to the distance to the mirror, the response is nearly linear, as shown in Fig. 16¢ for
typical values in the microscope.

Example of reduction of tolerances on mechanics and compensation of heat diffusion through the use of tiltable mirrors:

[0105] Referring to figure 17a, an illustration of the sample illumination beam rotating head architecture is represented
to study influences of mechanical tolerances discussed below. Changing parameters include :

- alpha: angle of the central mirror 54 with respect to the optical axis A.

- beta: angle of the rotating beam system 28 with respect to the structure.

- theta: angle of peripheral mirror 56 with respect to the optical axis in neutral position.
- d: position of central mirror 54 in its normal direction.

- d’: distance between the two mirrors 54, 56.

- d": horizontal position of the arm compared with the hollow shaft 58.

A chosen criterion is to be within a certain tolerance of the MEMS mirror 26b compensation angle, which may be for
instance 0.1°, corresponding to a static error of its normal direction about its mechanical pivot axis.

[0106] Different combinations of errors have been studied and results are shown in the table of figure 17b. Tolerances
that are aimed for may be for instance:

- d/d’and d": 0.1mm (not very critical)
- alpha/ beta/ theta: 0.025° corresponding to 0.0055 mm for the geometrical tolerances.

[0107] Aspreviouslydescribed, thetiltable transmissive orreflective elements of the OPD system may also be controlled
by means of a feedback loop based at least partially on the light beam signal captured by the light sensing system to
adjust and correct the path of the reference beam.

[0108] More generally, an important aspect of the invention is the use of feedback from the beam signal captured by
the light sensing system to automatically control the angle of the one or more tilt adjustable mirrors by the control system
in order to correct for unwanted deviations of the sample illumination beam or the reference beam, or both the sample
illumination and reference beams, or to create wanted deviations (e.g. to control the OPD). Deviations in the sample
illumination path may be due to manufacturing tolerances, wear of components of the microscope over its lifetime use,
thermal dilatation effects, or variations in the sample medium such as liquid height, meniscus curvature, non-horizontal
liquid surface and other factors. Deviations of the reference beam may also be due to manufacturing tolerances, wear
of components of the microscope over its lifetime use, and thermal dilatation effects, and also desired deviations to
control the optical path difference. The control of these deviations in either the sample illumination beam or the reference
beam by reading the beam signal captured by the light sensing system advantageously provides an automated manner
to obtain high quality images in a simple, easy and cost effective manner with minimal setup.
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List of references

[0109]
microscope 2

(coherent) light source 4 (laser)
Reference beam 7a

Sample illumination beam 7b (also named herein object beam)

light beam guide system 6

beam splitter 14
sample beam optical path 20

direction change mirrors 26, 26a, 26b
tiltable mirrors TM1 (MEMS)
sample illumination device 28
mirror system 34

first mirror 54
second mirror 56

rotating beam system 36

drive 38
transmission 39 (belt)

support 40 (rotating - embodiment fig 7a / fixed- embodiments fig.

7b, 7c)
actionable mirrors

hollow axis 58
bearings 59

mirror support body 60

pivoting beam configured to rotate

microscope objective 37
reference beam optical path 22

direction change mirrors 30

tiltable mirrors TM2, TM3, TM4 (e.g. MEMs mirrors)

mirror surface 61
pivot axis 63

optical path difference (OPD) adjustment device 32

first light deviating element 42
second light deviating element 44
pivot supports 46, 48
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pivot axis 49, 51
teeth 50

lens 65 (also named herein field lens)
beam reuniter 16

light sensing system 8 (detector, camera)
image data processing system 10
housing / support structure 12
sample observation zone 17
sample holder 18
height adjustment mechanism
sample light
control system 15
MEMS mirror tilt angle control
Mirror rotation drive control
Source control
Camera control
sample 1

closed containing system 3a

base 11
coverslip 9

observation plane 13
seal 7
open dish 3b

buffering medium 5

Claims

Microscope (2) comprising a light source (4) producing a light beam (7), a light beam guide system (6) comprising
a beam splitter (14) and at least one pivotally actionable direction change mirror (TM1, TM2, TM3, TM4), the beam
splitter configured to split the light beam (7) into a reference beam (7a) and a sample illumination beam (7b), a
sample observation zone (17) configured to receive a sample (1) to be observed in a path of the sample illumination
beam, a beam reuniter (16) configured to reunite the reference beam and sample illumination beam after passage
of the sample illumination beam through the sample observation zone, a light sensing system (8) configured to
retrieve at least intensity values of the light beam downstream of the beam reuniter, and a control system, charac-
terized in that the control system is configured to generate a mirror angle control signal to control an angle of said
at least one pivotally actionable direction change mirror, the mirror angle control signal being based at least partially
on a signal generated by the light beam received by the light sensing system.

Microscope according to claim 1, wherein said signal on which the mirror angle control signal is based includes any
one or more of intensity, coherence, fringe frequency and phase of the light beam received by the light sensing system.

Microscope according to claim 1 or 2, wherein said at least one pivotally actionable mirror (TM1) is positioned in
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the sample illumination beam path to correct deviances in the optical path of the sample illumination beam and/or
adjustment of the sample illumination angle of the beam.

Microscope according to the preceding claim, wherein the pivotally actionable mirror (TM1) is positioned essentially
above the sample observation zone in line with an optical axis of a microscope objective (37).

Microscope according to any of the preceding claims, wherein said at least one pivotally actionable mirror (TM2, 3,
4) is positioned in the reference beam path.

Microscope according to either of the two directly preceding claims wherein pivotally actionable mirrors (TM2, 3, 4)
are positioned before, after, or as part an optical path difference (OPD) system (32) configured to correct deviances
of the reference beam in the OPD system.

Microscope according to any preceding claim, wherein at least one pivotally actionable mirror (TM2) is positioned
between an optical path difference (OPD) device (32) and the beam reuniter configured for creation and adjustment
of interferometric signal captured by the light sensing system.

Microscope according to anyone of the preceding claims further comprising an optical path difference (OPD) ad-
justment device (32) positioned in an optical path of the reference beam, the OPD adjustment device configured to
adjust the optical path length of the reference beam relative to the sample illumination beam, the OPD adjustment
device comprising a first pivotally adjustable light deviating element (42, 30a) and a second pivotally adjustable light
deviating element (44, 30c), each comprising a transparent (42, 44) or reflective (30a, 30b, 30c) material positioned
in the optical path of the reference beam, whereby angles of inclination of the light deviating elements are controlled
by the control system to adjust the optical path difference.

Microscope according to the preceding claim, wherein the first pivotally adjustable light deviating element (30a) and
second pivotally adjustable light deviating element (30c) comprise said pivotally actionable mirrors.

Microscope according to any preceding claim, wherein said pivotally actionable mirrors are MEMS type components.

Microscope according to any preceding claim, comprising a sample illumination device (28) configured to direct the
sample illumination beam (7b) through the sample observation zone and into a microscope objective (37), the sample
illumination device (28) comprising a mirror system (34) configured to direct the sample illumination beam at a non
zero illumination angle (o) with respect to an optical axis (A) of the microscope objective, and a rotating beam system
configured to rotate the angled sample illumination beam around the optical axis.

Microscope according to the preceding claim, wherein the mirror system (34) of the sample illumination device is
mounted in a rotating support (40) and the rotating beam system is formed by the rotating support and a motor drive
(38) to rotate the support.

Microscope according to claim 11, wherein the rotating beam system (36) comprises rotating tilt actionable mirrors
(26b) to direct the sample illumination beam on the mirror system (34) of the sample illumination device (38) and
wherein the mirror system (34) is mounted on a fixed support (40).

Microscope according to anyone of the preceding claims further comprising a data processing system (10) configured
to receive a plurality of image frames data from the light sensing system (8), said plurality of image frames being
generated for at least a 360° rotation of the sample illumination beam around the microscope objective optical axis.

Microscope according to the preceding claim, wherein the number of frames per 360° captured by the light sensing
system and data processing system is greater than 10.

Microscope according to the preceding claim, wherein the image frames data are reconstituted by the data processing
system, or supplied by the data processing system to a computing system, for processing into a three dimensional
image of the microscopic object

Microscope according to the preceding claim, wherein the image frames data are further employed by the data

processing system, or supplied by the data processing systemto a computing system, for estimating optical properties
of the sample to improve the three dimensional image of the microscopic object.
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Microscope according to any of the preceding claims, wherein the microscope is configured to generate a three-
dimensional image of the microscopic object based on the refractive index of sections of the microscopic object by
determining the phase shift of the sample illumination beam after passing through the microscopic object.

Microscope (2) comprising a light source (4) producing a light beam (7), a light beam guide system (6) comprising
a beam splitter (14) configured to split the light beam (7) into a reference beam (7a) and a sample illumination beam
(7b), a sample observation zone (17) configured to receive a sample (1) to be observed in a path of the sample
illumination beam, a beam reuniter (16) configured to reunite the reference beam and sample illumination beam
after passage of the sample illumination beam through the sample observation zone, a light sensing system (8)
configured to retrieve at least phase and intensity values of the light beam downstream of the beam reuniter, and
acontrol system, characterized in that the sample illumination device (28) comprises a mirror system (34) configured
to direct the sample illumination beam at a non zero illumination angle (o) with respect to an optical axis (A) of the
microscope objective, and a rotating beam mechanism configured to rotate the angled sample illumination beam
around the optical axis.

Microscope (2) comprising a light source (4) producing a light beam (7), a light beam guide system (6) comprising
a beam splitter (14) configured to split the light beam (7) into a reference beam (7a) and a sample illumination beam
(7b), a sample observation zone (17) configured to receive a sample (1) to be observed in a path of the sample
illumination beam, a beam reuniter (16) configured to reunite the reference beam and sample illumination beam
after passage of the sample illumination beam through the sample observation zone, a light sensing system (8)
configured to retrieve at least phase and intensity values of the light beam downstream of the beam reuniter, an
optical path difference (OPD) adjustment device (32) positioned in an optical path of the reference beam, the OPD
adjustment device configured to adjust the optical path length of the reference beam relative to the sample illumination
beam, and a control system, characterized in that the OPD adjustment device comprises a first pivotally adjustable
light deviating element (42, 30a) and a second pivotally adjustable light deviating element (44, 30c), each comprising
a transparent (42, 44) or reflective (30a, 30b, 30c) material positioned in the optical path of the reference beam,
whereby angles of inclination of the light deviating elements are controlled by the control system to adjust the optical
path difference.

Microscope according to either of the two preceding claims comprising any one or more additional features set forth
in any of claims 1 to 18.
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Fig. 1a
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Fig. 1b
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